Objective-Despite great advances in our knowledge, atherosclerosis continues to kill more people than any other disease in the Western world. This is because our means of identifying truly vulnerable patients is limited. Prediction of atherosclerotic plaque rupture may be addressed by MRI of activated matrix metalloproteinases (MMPs), a family of enzymes that have been implicated in the vulnerability of plaques prone to rupture. This study evaluated the ability of the novel gadolinium-based MRI contrast agent P947 to target MMPs in atherosclerotic plaques. Methods and Results-The affinity of P947 toward activated MMPs was demonstrated in vitro. The affinity and specificity of P947 toward matrix metalloproteinase (MMP)-rich plaques was evaluated both in vivo using ApoE Ϫ/Ϫ mice and ex vivo in hyperlipidemic rabbits. Gadolinium content quantification and MRI showed a preferential accumulation of P947 in atherosclerotic lesions compared with the nontargeted reference compound, Gd-DOTA. The ex vivo assay on rabbit plaques revealed a higher uptake of P947. Moreover, using human carotid artery endarterectomy specimens, P947 facilitated discrimination between histologically defined MMP-rich and MMP-poor plaques. An in vivo MRI investigation in mice revealed that P947 greatly improved the ability to visualize and delineate atherosclerotic plaques. Conclusions-P947 may be a useful tool for the detection and characterization of the MMP-rich atherosclerotic plaques. 
M olecular imaging is a promising modality for assessment of atherosclerotic plaque composition. 1 It may enable the detection of biological markers whose expression is directly related to the pathophysiological status of the lesions. 2, 3 Recently, MRI has been used to assess activated plaques by detecting human macrophages with ultra-small superparamagnetic particles of iron oxide (Sinerem®), 4 rabbit angiogenesis with AlphaVbeta3 targeting nanoparticles, 5 rabbit thrombosis with a fibrin-binding contrast agent (EP-1873), 6 and murine macrophages with scavenger receptortargeted immunomicelles. 7 Finally, apoptotic plaque macrophages were visualized with [
99m Tc]-labeled annexin V in carotid arteries of symptomatic patients. 8 By applying high-resolution multi-contrast in vivo MRI, some features of vulnerability, such as cap rupture, large necrotic core, or intraplaque hemorrhage, have become detectable in human carotid arteries. 9 Molecular imaging may substantially improve the accuracy of MRI detection by selectively revealing specific markers of instability. One such marker is represented by matrix metalloproteinases (MMPs), which are overexpressed in prone-to-rupture atherosclerotic lesions as a consequence of inflammation. 10 MMPs promote plaque destabilization by degrading the fibrillar collagen of the fibrous cap and are overexpressed in the shoulder regions of human atherosclerotic plaques, the most common site of rupture. 11 Recent work has demonstrated that experimental overexpression of MMPs led to cardinal features of plaque rupture in a mouse model of atherosclerosis. 12 Therefore, MMP expression is not only a part of atherosclerosis pathogenesis but may also be predictive of plaque instability. 13, 14 The aim of the present study was to evaluate the ability of the MRI contrast agent P947 to target activated MMPs in atherosclerotic plaques. The affinity of P947 was first tested in vitro on purified MMPs. The biodistribution was studied in the apolipoprotein E knockout (ApoE Ϫ/Ϫ ) mouse model of atherosclerosis to demonstrate its preferential accumulation in plaques. Ex vivo MRI was carried out on hyperlipidemic rabbit lesions to investigate the mechanisms of its interaction with the tissue MMPs. Ex vivo MRI was also performed on human carotid endarterectomy specimens to appreciate the capacity of P947 to differentiate MMP-rich and MMP-poor plaques. Finally, to demonstrate the in vivo feasibility of active MMP detection by MRI, an in vivo MRI investigation was performed in the ApoE Ϫ/Ϫ mouse model of atherosclerosis. Various types of in vivo controls were used to validate the results.
Methods

Contrast Agents and In Vitro Binding Assay
P947 was obtained by coupling an MMP inhibitor to the gadolinium (Gd) chelate, 1,4,7,10-tetraazacyclododecane-N, NЈ, NЈЈ, NЈЈЈ-tetraacetic acid (DOTA). See the Methods supplement for details. P947 has a molecular weight of 1210 Da and an r1 relaxivity value of 5.5 mmol/L Ϫ1 s Ϫ1 in water at 1.5 T and 37°C. Gd-DOTA, a standard nonspecific gadolinium contrast agent with an r1 relaxivity value of 3.7 mmol/L Ϫ1 s Ϫ1 , was used as the reference compound. The affinities of P947, the free peptide and Gd-DOTA toward MMPs were studied in vitro on human purified MMP-1, -2, -3, -8, -9, -13, and -14. The assay was based on the detection of a fluorescent product resulting from the MMP-induced cleavage of a specific substrate. See the Methods supplement (available online at http:// atvb.ahajournals.org) for details.
In Vivo Distribution Assay
Atherosclerotic ApoE Ϫ/Ϫ mice (C57BL/6) were injected with P947 or Gd-DOTA (100 mol/kg, IV) via the tail vein. One hour later a blood sample was collected via infraorbital puncture. Muscle, kidney, liver, carotid arteries, aortic arch, thoracic aorta, abdominal aorta, and femoral arteries were collected. The concentrations of the contrast agents were determined by quantifying Gd using inductively coupled plasma-mass spectrometry (ICP-MS). In situ zymography was performed on frozen sections proximal to the aortic valves of either ApoE Ϫ/Ϫ mice injected with P947 or ApoE Ϫ/Ϫ mice that were not injected at all. See the Methods supplement for details.
Ex Vivo MRI Assay
The thoracic aortas were collected from atherosclerotic Watanabe Heritable Hyperlipidemic (WHHL) rabbits and then incubated with the contrast agents and used for ex vivo MR imaging. Fresh human carotid artery specimens were collected from 21 atherosclerotic patients undergoing carotid endarterectomy. The stenosing complicated zone, at the origin of the internal carotid artery, was dissected and separated from the adjacent plaque, at the common and external carotid arteries. See the Methods supplement for details. Rabbit or fresh human specimens were incubated with either P947 or Gd-DOTA (0.5 mmol/L final concentration). For specificity testing, some rabbit samples were incubated for 18 hours with P947 (0.5 mmol/L) in the presence of an excess concentration of free peptide (5.0 mmol/L). The human and rabbit samples were submitted to 18 hours of incubation, followed by washing with Krebs-Ringer bicarbonate buffer. Ex vivo MRI was performed on the samples. See the Methods supplement for details. After ex vivo imaging, the samples were submitted to acidic mineralization and Gd quantification by ICP-MS. Immunohistochemical analyses were performed on cryostat sections of human internal carotid plaques to demonstrate the presence of ␣-actin, CD68 macrophage marker, MMP-1, -2, -3, -7, -9. See the Methods supplement for details.
Ex Vivo Affinity Assay
To demonstrate the interaction between P947 and MMPs in atherosclerotic tissues, another set of experiments was performed on human carotid plaques. A second series of fresh samples was collected from 14 patients after carotid endarterectomy. These samples were incubated in culture medium. After 24 hours, the conditioned culture media were collected for use. A MMP enzymatic activity assay was designed to quantify the MMP activity present in the conditioned culture media using a fluorescently quenched peptide that is cleaved, releasing fluorescence, by MMP-1, -2, -7, -8, -9, -12, -13, -14, -15, and -16. See the Methods supplement for details. Released fluorescence, representing total activity, was measured at exϭ340 nm and emϭ405 nm on a Twinkle LB970 apparatus (Berthold, Germany). Nonspecific enzymatic activity was measured in the same conditions except for the addition of the metal chelating agent EDTA (1 mmol/L), which is a potent MMP inhibitor. To evaluate the inhibitory potency (IC 50 values) of P947 on the ensemble of the MMPs expressed by the excised carotid tissues, the compound was incubated in increasing concentrations ranging from 10 nmol/L to 1 mol/L. The value obtained in the presence of 1 mmol/L EDTA was subtracted from each point to obtain a specific MMP activity.
In Vivo MRI Assay
After a preinjection baseline MRI scan, ApoE Ϫ/Ϫ mice (nϭ8) were injected P947 (100 mol/kg, IV) via the tail vein. For controls, ApoE Ϫ/Ϫ mice (nϭ4) were injected the standard gadolinium contrast agent Gd-DOTA (100 mol/kg, IV). As additional controls, WT mice were injected with equivalent doses of P947 (100 mol/kg, IV). After injection, postcontrast MRI was performed at 1, 2, 3, and 22 hours. See the Methods supplement for details. Slices were precisely anatomically matched to the slices obtained on the preinjection baseline scan. The pathological slides of the atherosclerotic aortas, from mice used in the experiments, were matched to the MRI slices for comparison and correlation. For each matched slice the Normalized Enhancement Ratio (NER) was used to calculate the enhancement of the aortic wall post-contrast injection using Equation 1:
Where W nPOST is the SI of the aortic wall in quadrant n, after injection of contrast agent. W nPRE is the SI of the aortic wall in quadrant n, before injection of contrast agent.
Statistical Analysis
The Gd concentrations were compared with the unpaired, nonparametric, Mann-Whitney test, using a 2-tailed probability value. The MMP activities of the internal carotid artery and of the common or external carotid arteries were compared with a paired Student t test. The NER data were compared between different time points using a paired t test with adjacent time points as reference. Differences were considered significant at PϽ0.05. See the Methods supplement for further details.
Results
In Vitro Binding Assay
Contrary to Gd-DOTA, P947 inhibited the activity of the seven tested MMPs (supplemental Table I ). Its affinity is in the micromolar range for the soluble MMP-1, -2, -3, -8, -9, and -13 and about 100 times lower for the membrane-type MMP-14. The IC 50 values of P947 are consistent with those of the free peptide which were both obtained experimentally for MMP-1, -2, -3, -8, -9, and -13, and reported by Odake et al for MMP-1, -3, -8, and -9. 15 
In Vivo Distribution Assay
One hour after intravenous injection into ApoE Ϫ/Ϫ mice, no significant differences were observed in plasma, kidney, and muscle concentrations between P947 and Gd-DOTA, whereas the liver uptake was increased 3-fold for P947 ( Figure 1A) . The compounds had a plasma half-life of 30 and 15 minutes, respectively. They were rapidly cleared from the body as the residual fractions still present in the plasma and the main organs after 1 hour amounted to only 2% to 4% of the injected dose. Their concentrations were highest in the kidney.
P947 concentrations in the artery specimens were approximately 3 times as high as those of Gd-DOTA (PϽ0.01; Figure 1A ). However, there was no significant difference between the arterial wall segments.
In this model, extensive atherosclerotic lesions developed on the aortic valves and arch (data not shown). Atherosclerotic heart sections from ApoE Ϫ/Ϫ mice were used to visualize active MMPs by in situ zymography. There was a lower density of dark spots in the sections from P947-treated animals than from the control mice ( Figure 1B) , which suggests that MMPs were less able to induce lysis of the substrate gel.
Ex Vivo Assays
Immediately after the incubation phase, P947 produced a stronger signal enhancement of the rabbit arterial wall than Gd-DOTA (Figure 2A ). The latter compound tended to diffuse rapidly in the surrounding gel. Moreover, after the washing phase, Gd-DOTA was totally cleared from the samples whereas P947 remained bound to the tissues, even after prolonged periods of elution. These ex vivo MRI findings were confirmed by the Gd measurements that showed a persistent accumulation of P947 in the tissues (PϽ0.001 versus Gd-DOTA, Figure 2B ). The binding of P947 was competitively inhibited when the free peptide was applied in excess concentration (PϽ0.001 versus without free peptide, Figure 2C and 2D) .
By immunohistochemical analysis, we show that various types of MMPs (MMP-1, -2, -3, -7, and -9) were present in the human plaques of the internal carotid artery. MMP-3 displayed relatively more intense staining, whereas MMP-2 was more diffuse and less detectable (supplemental Figure I) . These MMP-rich plaques also contained ␣-actin positive smooth muscle cells in the media and CD68 positive macrophages at the shoulders and at the interface between the core and the fibrous cap (supplemental Figure I ). Calcifications were also common. Although they may have specific substrates, many MMPs are also able to cleave the same molecules. Such a common substrate, when applied on conditioned media obtained after incubation of human atherosclerotic plaques, allows for the global quantification of the MMP activity expressed in the samples. This quantification was performed on a set of carotid artery specimens collected from 14 atherosclerotic patients undergoing carotid endarterectomy. The results obtained showed a significant difference in the MMP activity expressed in conditioned media from atherosclerotic plaques of the internal carotid artery (618Ϯ158 AU/mg of tissue) compared with the common and external carotid arteries (125Ϯ21 AU/mg of tissue, PϽ0.01). Thus, MMP-rich lesions of the internal carotid artery expressed approximately 5 times more specific MMP activity than MMP-poor lesions of the common and external carotid arteries. Both MMP-rich and MMP-poor carotid artery specimens, collected from 21 atherosclerotic patients, were incubated with P947 or Gd-DOTA and imaged by MRI. P947 and, to a lesser extent, Gd-DOTA showed a marked enhancement of signal in the segments when ex vivo MRI was performed immediately after the incubation period ( Figure 3A, left) . However, after the washing phase, Gd-DOTA could no longer be detected, whereas P947 was still present and visible. Only P947 allowed differentiation between MMP-rich and MMP-poor atherosclerotic lesions. These MRI observations were corroborated by the Gd concentration measurements showing that both types of lesions accumulated 10 times more P947 than Gd-DOTA ( Figure 3B ). Moreover, P947 concentration was significantly higher in the MMP-rich than in the MMP-poor plaques (59Ϯ6 versus 38Ϯ3 nmolGd/g of tissue, corresponding to 7.3% versus 3.4% of the amount added to the incubation medium, PϽ0.01). Such a difference could not be observed with Gd-DOTA (Pϭ0.27).
To further support the hypothesis that P947 targets MMPs in vivo, the ex vivo binding characteristics of the compound was investigated. These results provide IC 50 values for P947, which are in agreement with the values obtained in vitro against individual MMPs that are mostly in the micromolar range. Indeed, P947 inhibited global MMP activity in conditioned media with affinities ranging from 5 to 12 mol/L for both MMP-rich and MMP-poor plaques (Figure 4) . Moreover, the mean IC 50 value obtained from conditioned media from MMP-rich plaques (8.6Ϯ3.0 mol/L) was not different from that of MMP-poor plaques (7.5Ϯ2.8 mol/L). Taken together, these results suggest that P947 efficiently inhibits MMP activities in atherosclerotic plaques ex vivo, thus demonstrating an active targeting.
In Vivo MRI Assay
In the ApoE Ϫ/Ϫ mice that were injected with P947, excellent delineation of plaque, with strong SI enhancement, was seen in the atherosclerotic aortas using MRI. The pattern of enhancement was heterogeneous in nature, consistent with known patterns of atherosclerotic plaque distribution in the aortas of ApoE Ϫ/Ϫ mice. The MRI results correlated well with the matched pathology findings ( Figure 5 ). There was a statistically significant increase in the CNR (Equation 1) on post-contrast-enhanced images at 1, 2, and 3 hours postinjection of P947. Using P947 in ApoE Ϫ/Ϫ mice, the average CNR increased to 17.10Ϯ1.59 at 1 hour postinjection compared with 7.57Ϯ1.61 at the preinjection baseline (PϽ0.0001). At 2, 3, and 22 hours postinjection, the average CNRs were 10.90Ϯ1.35 (PϽ0.0001 versus preinjection), 9.86Ϯ1.93 (PϭNS), and 7.49Ϯ1.81 (PϭNS), respectively. Conversely, in ApoE Ϫ/Ϫ mice that were injected with the standard contrast agent Gd-DOTA, the CNR of the aortic wall changed to 4.71Ϯ1.68 at 1 hour after injection compared with a baseline (Figure 6 ). In the control ApoE Ϫ/Ϫ mice that were injected with the standard agent Gd-DOTA, there was minimal homogeneous SI enhancement of the aortic wall with no statistically significant increase of the NER. In the WT mice that were injected with P947, there was no statistically significant enhancement using the NER and minimal changes in the CNR. Finally, Gd-DOTA produced no significant SI enhancement in WT mice (data not shown).
Discussion
The primary aim of our study was to evaluate whether P947 has the potential to facilitate atherosclerotic plaque detection using targeted MRI of MMPs. The in vitro assay on purified MMPs showed that the free peptide, which is the targeting constituent of P947, is a broad spectrum MMP inhibitor that binds active enzymes at micromolar concentrations. The affinities of P947 toward MMPs were not significantly different from those of the parent compound, demonstrating that coupling of the contrast moiety did not alter the properties of the peptide.
The in vivo biodistribution assay in ApoE Ϫ/Ϫ mice showed that the pharmacokinetic profile of P947 was similar to that of Gd-DOTA. Despite the similar clearance, P947 accumulated approximately 3 times more than Gd-DOTA in most artery walls. In the carotid arteries and aortic arch, which contain large atherosclerotic plaques with high levels of MMPs, P947 concentrations were in the micromolar range. The fact that these concentrations are higher than those of the reference compound, and consistent with the IC 50 values for MMPs, is in favor of specific binding of P947 to MMPs in the lesions. This hypothesis is further supported by the in situ zymography assay showing that the gelatinolytic activity of atherosclerotic plaques was decreased when the ApoE Ϫ/Ϫ mice were pretreated with P947. Further work is planned in future investigations to provide additional evidence of specific binding.
The ex vivo assay on rabbit aortic rings was set up to study, by MRI and by Gd concentration measurement, the mechanisms of interaction between P947 and MMPs in a model independent of any pharmacokinetic or anatomic consideration. In comparison to Gd-DOTA, over time P947 showed higher uptake in and lower elution from atherosclerotic plaques of WHHL rabbits. This retention, as well as the efficacy of the competition when the free peptide was added in excess to the incubation medium, indicates that P947 binds to a component of plaques. As immunohistochemical analyses confirmed the presence of MMPs in the specimens, it is likely that P947 accumulated in the plaques because of its efficient binding to MMPs.
The ex vivo assays on human carotid endarterectomy specimens were designed to evaluate whether P947 could be helpful for the characterization of atherosclerotic plaques. First, immunohistochemical analyses revealed the presence of MMP-1, -2, -3, -7, and -9 in the complicated lesions of the internal carotid artery, which is consistent with the literature. 16, 17 Second, we showed that these plaques express statistically significantly greater MMP activity when compared with those of the common or external carotid arteries, which is in favor of a more vulnerable phenotype, as previously reported. [17] [18] [19] Both MR images and Gd measurements demonstrated a higher accumulation of ex vivoapplied P947 in the MMP-rich lesions of the internal carotid artery than in the MMP-poor ones of the common and external carotid arteries, whereas Gd-DOTA did not show any particular affinity for the tissues. The concentration of P947 in the MMP-rich plaques was again in the micromolar range. These data demonstrate that P947 accumulates in human plaques at a concentration that is compatible with MR detection and suggest that it may have the capacity to identify vulnerable plaques. Subsequently, to further support the hypothesis that this accumulation is specifically related to MMPs, we studied the binding characteristics of P947 on MMP-rich and MMP-poor plaque medium derivatives. P947 displayed an MMP inhibitory activity with IC 50 values in the micromolar range for both types of plaques. This indicates that there is no difference between the affinities of P947 for MMPs in vulnerable versus more stable plaques. Thus, the observed difference in P947-mediated MR enhancement of MMP-rich versus MMP-poor plaques is primarily a function of the higher concentration of active MMPs in the former than in the latter. Overall, these data provide additional evidence for the hypothesis that P947 specifically binds MMPs in atherosclerotic plaques.
The in vivo MRI investigations of P947 in ApoE Ϫ/Ϫ mice were quite promising. The MMP-targeting compound clearly delineated plaques better than Gd-DOTA or when imaging without a contrast agent. Interestingly, as a general visual observation, the pattern of enhancement seen on images demonstrated higher signal intensities at the fibrous cap, the shoulder regions of plaques and the outer layers of plaques. Conversely, there was little enhancement seen in the lipidrich core regions of plaques. These observations are consistent with studies of MMP expression in atherosclerotic plaques. 20 Interestingly, the previously published patterns of MMP immunostaining on sections of plaques are strikingly similar to the patterns of SI enhancement seen on MRI in our studies using P947. 11, 21, 22 Overall, the in vivo results in mice are encouraging and suggest that experiments in a larger model of atherosclerosis, such as a rabbit model, are warranted.
A growing body of evidence has implicated MMPs in the remodeling and destabilization of atherosclerotic plaques. 16, 17, 23, 24 Our immunohistological observations confirm these data showing a heterogeneous and diffuse distribution of the main MMPs in the necrotic core of the carotid culprit plaques. MMP-1 expression was reported to be twice as great in the regions with highest circumferential tensile stress, in the fibrous cap of human coronary lesions. 25 MMP-1, -8, and -13 expressions were found to be 3 times higher in atheromatous than in fibrous carotid plaques. 18, 26 MMP-9 was observed more frequently in coronary lesions of patients with unstable rather than stable angina. 27 The concentration of MMP-9 was increased 4-fold in unstable plaques of symptomatic patients undergoing carotid endarterectomy compared with asymptomatic ones. 19 Recently, experimentally designed overexpression of MMP-9 led to the development of vulnerable rupture-prone plaques in ApoE Ϫ/Ϫ mice. 12 Altogether, these data suggest that vulnerable plaques, which contain a higher density of activated macrophages and intraplaque hemorrhages at different stages, 28, 29 are characterized by higher levels of MMPs. Some of these MMPs may precipitate the rupture of the fibrous cap by specifically weakening the extracellular matrix in regions subjected to increased mechanical stresses. MMPs therefore represent a promising target, both for therapy and for molecular imaging.
The nonselective MMP inhibitors, batimastat and marimastat, efficiently prevented restenosis after balloon dilatation in atherosclerotic pigs. 30 However, they did not induce any reduction of plaque burden in LDLR-KO mice. 31 Recently, scintigraphic imaging was performed with the broad spectrum MMP inhibitor [
123 I]-CGS 27023A. 20 It allowed the in vivo detection of MMP-rich vascular lesions in ApoE Ϫ/Ϫ mice. MRI has many advantages compared with scintigraphic imaging methods, which suffer from low anatomic resolution, or to optical imaging techniques, which are not suitable for noninvasive investigations of the deep tissue layers. However, the success of molecular MR imaging approaches depends directly on the concentration and accessibility of the molecular targets and on the MR efficacy of the contrast agents. In the context of MMPs, the targets are present in the extracellular matrix and can therefore easily be reached by P947. Concerning their concentration, we calculated from data in the literature that the content of MMPs is at least 50 nmol/L in advanced human plaques. Even though this value is underestimated, because the information was not available for all MMP subtypes, MMP concentrations are on the low side. It appears therefore mandatory to target a majority of MMP subtypes to yield sufficient signal intensity. The originality of P947 is that its targeting moiety is optimal for molecular MRI thanks to a broad spectrum MMP inhibition and an affinity in the micromolar range.
Characterization of plaque composition represents a new goal for noninvasive identification of vulnerable lesions and many cellular/molecular imaging agents are currently being evaluated. 2, 3 We provided evidence that P947 has a good affinity for purified MMPs and that it accumulates in vivo in atherosclerotic lesions of ApoE Ϫ/Ϫ mice. We demonstrated ex vivo that P947 binds preferentially to human MMP-rich carotid plaques. Additionally, we showed the efficacy of P947 for in vivo detection of atherosclerotic plaques using high-resolution MRI in the ApoE Ϫ/Ϫ mouse model of atherosclerosis. Overall, these data suggest that P947 may become a useful imaging tool for noninvasive detection of MMP activity in the evaluation of atherosclerosis.
